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ABSTRACT

The purposes of this study are to examine the

reduction of the drag of a blunt cylinder by a cylindrical

probe in the transonic regime, and to determine

characteristics of the flowfleld from the experimental drag

coefficient data. This study Is significant because It Is

the first extensive study of this flow in the transonic

regime.

The experiment was conducted in the NASA Ames Research

Center 6X6-ft. supersonic wind tunnel . The model consisted

of a blunt cylinder with diameter d 2 and several extendable

cylindrical probes, yielding probe-to-cylinder diameter

ratios d 1 /d 2 of 0.248, 0.368, and 0.45, and probe length-

to-cylInder diameter ratios I/d 2 up to 2.0 (3.0 for the

smallest probe). These configurations were tested at Mach

numbers between 0.8 and 1.5.

CD decreased as both I/d 2 and d 1 /d 2 increased, due to

the fact that the cylinder face was immersed in a wake of

Iv



reduced stagnation pressure created by the probe. After

reaching a minimum, CD Increased as I/d 2  increased,

indicating a transition of the flow over the probe from a

lower-drag open cavity mode to a higher-drag closed cavity

mode. This change was rather abrupt, and there was also

hysteresis, in the supersonic tests, In agreement with

previous experiments. CD also reached a minimum and

Increased as dj/d 2  increased, due to the increasing

resemblance of the cylinder/probe configuration to a blunt

cylinder as dl/d 2 approached 1.

CD usually Increased with Mach number, due to the

Increase in stagnation pressure with M. For a particular

range of length and diameter ratios, CD decreased with

Increasing M for 0.8 < M • 0.95. This was attributed to

the transition of the flow over the probe from the higher-

drag closed mode to the lower-drag open mode as M

Increased.
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I. INTRODUCTION

1.1 Descriptlon of Problem

The reduction of the drag of a blunt object by the use

of a shielding device Is a well-documented phenomenon 1 - 3 ,

and the principle has been applied to vehicles ranging from

tractor-trailer rigs 4 ,5 to the Trident misslle 6 . This type

of flow has been studied rather extensively in the

Incompressible 1 and supersonic 2 ,3 regimes. However, little

attention has been paid to this flow in the transonic

regime 7 . Only one experiment 6  has concentrated

specifically on the transonic regime, and this experiment

was limited to flow pictures and drag calculations from

data obtained In a ballistics facility. No experiment has

been conducted In the transonic regime that has complied

extensive force, pressure, and velocity data. To rectify

this omission, an experiment was conducted In the National

Aeronautics and Space Administration Ames Research Center

(NASA-ARC) 6-foot supersonic wind tunnel. The model used

was a blunt cylinder with a co-axial cylindrical probe

extending ahead of the cylinder face. The axis of the

model was aligned with the flow direction. The tunnel was

run at freestream Mach numbers between 0.8 and 1.5. Force,

pressure, and velocity measurements were made. This thesis

Is an examination of the drag data from this experiment,

with the Intention of determining various aspects of the

flowfleld from the drag data.
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1.2 Background

The idea of using some sort of shielding device to

reduce the drag of a blunt object seems to have first been

explored by Eiffel8 In his experiments on two discs In

tandem. These experiments have been more recently repeated

by Morel and Bohn 9 . Some of the earliest experiments

Involving the use of a probe to reduce the drag of a blunt,

cylindrical object in the compressible regime were

conducted by Spooner
2 and by Beastall and Turner 3. Koenig 7

has compiled a fairly comprehensive survey of the work

conducted prior to 1983 In the area of transonic merging

separated flows and has explained how the results might be

applied to the cylinder/probe drag reduction problem. The

research by Haupt and Koenig 6 Is one of the very few

experiments to directly address the problem of the

cylinder/probe configuration In transonic flow.

1.3 Qualitative Discussion of Drag Reduction and Flowflelds

The geometry of Interest In this thesis is shown In

Figure 1. This configuration consists of a blunt cylinder

of diameter d 2 with a cylindrical probe of diameter d1 and

length I aligned co-axially with the cylinder. The model

used In the experiment was based on this configuration, and

will be discussed in more detail later.

An examination of any of the data in the papers

previously cited will reveal a decrease In the drag

coefficient of the blunt cylinder - shielding device

combination as the shielding device Is extended in front of

2



the blunt cylinder. This shielding device usually takes

the form of either a disc mounted on a probe or a probe

with a blunt face. The decrease in drag Is due to the fact

that because of viscous forces, the flow that Impacts on

the disc or probe face separates from the edge of the disc

or probe face, as sketched In Figure 2. This creates a

large wake with reduced stagnation pressure In which the

blunt cylinder face Is Immersed. The reduced stagnation

pressure Is the reason for decreased CD. This Is a

reasonable explanation for the reduction of blunt body drag

by a probe or disc. However, for a more complete

description of the manner in which the flowfield affects

the drag of the cylinder/probe configuration, it Is

necessary to Include a brief discussion of cavity flows.

The similarities between the flow past the

cylinder/probe combination and cavity flows has been well

documented In the Incompressible regime1 0 . A comparison of

the results of other experiments 2 ,6 , 7, as well as the data

from the present experiment, with the incompressible

results will confirm these similarities in the compressible

regime. Of particular Importance is the existence of the

two cavity modes, open and closed (as defined by Charwat

et. al. 1 1 ), for the cylinder/probe configuration.

Referring to Figure 3a, If the flow which separates from

the probe face reattaches at the cyl inder face, then the

flow could be considered to be In the open cavity mode. If

the flow that separates from the probe face reattaches on

-3



the probe side, then separates again and reattaches on the

cylinder face, as in Figure 3b, then the flow could be

considered to be In the closed cavity mode. The existence

of two modes Is Important because of the differences in

drag experienced by the cylinder/probe configuration In the

two different modes. For a given M and diameter ratio

dl/d 2 , C O  Is less for the open mode than for the closed

mode. An examination of the pressure distribution in the

cavity (as revealed by the pressure distribution along the

probe side) for each of the two modes, as shown in Figure

3c, will reveal the reason for the drag difference. This

figure Is a qualitative sketch representative of the

results of previous experiments on two-dimensional and

axisymmetric cavities in incompressible and compressible

flows1 0 - 1 3 . The abscissa in this graph Is the x-coordinate

along the probe, with origin at the probe face corner, and

nondimensional ized by the probe length. In both modes, the

flow experiences an acceleration and sharp drop in pressure

at the corner. In the closed mode, which occurs for "long"

probes, the flow experiences a sharp recompression as it

reattaches to the probe side and then another pressure rise

as It separates ahead of the cylinder face. In the open

mode for "short" probes, since the flow does not reattach

to the probe side, it does not experience the sharp

recompression. The open mode flow experiences only a

gradual pressure rise as It approaches the cylinder face.

The sharp recompression and the generally higher cavity

4
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pressures In the closed mode lead to higher cylinder face

pressures, and thus higher values of CD, than for the open

mode. This can be seen in several reports 3 ,6,7 which show

that for flows that are known or can be assumed to be in

the closed mode, CD Is higher than for the known or assumed

open mode flows.

The mechanism which causes the cavity to close or open

as the probe Is lengthened or shortened Is not well

understood. The pressure distributions of Reference 10

seem to show that In the Incompressible regime, the

transition from one mode to another Is very gradual,

whereas the observations of Beastal I and Turner3 Indicate

that In the low supersonic regime (1 < M < 2.5), the change

Is rather abrupt. The observations of Beastal I and Turner

also demonstrate a hysteresis condition In the mode shape,

with the probe length at which the mode changes (known as

the critical length) being dependent upon whether the probe

is being extended or retracted. Since the drag Is

dependent upon whether the cavity Is open or closed, the

abruptness of the mode transition and the hysteresis

effects show up as sharp, clear hysteresis loops in the

plots of CD versus probe length for the supersonic Mach

numbers. It should be noted that in the subsonic mode

transition range, where the flow Is undergoing the gradual

transition from open to closed mode, the flowfleld Is very

unsteady, with large fluctuations and large turbulent RMS

velocities.

5



With this understanding of how features of the

flowfleld affect the drag of the cylinder/probe

configuration, the experimental results may now be examined

to yield Information about characteristics of the flow past

the cylinder/probe configuration.

6



II. EXPERIMENTAL DETAILS

2.1 Wind Tunnel

The tests were conducted In the NASA-ARC 6 X 6-ft

supersonic wind tunnel. This Is a closed circuit, single

return, continuous flow tunnel powered by an 8-stage

external axial compressor rated at 60000 hp. The Mach

number Is varied with an axisymmetric sliding block type

nozzle. The test section Is 6 feet high, 6 feet wide, and

14 feet long. It has a perforated ceiling and floor for

transonic tests. The Mach number range of the facility Is

from M - 0.25 to M = 2.2, and the Reynold's number range is

from 5 X 105 to 5 X 106 per foot. The tunnel stagnation

pressure Is variable from 4.4 to 14.7 psla, the tunnel

dynamic pressure Is variable from 200 to 1000 psf, and 5800

R is the maximum tunnel stagnation temperature.

2.2 Model

The model was constructed according to the

configuration shown In Figure 1, and consisted of a blunt

cylinder with several extendable/retractable probes. The

cylinder was made from aluminum and was 5 Inches In

diameter and 35 Inches long. The cylinder face and side

were Instrumented with pressure taps. The usable face taps

were located on a single radial line at radii of 1.25,

1.75, 2.0, 2.25, and 2.425 inches, measured from the

centerline. The usable side taps were located at 1.25-

Inch Intervals, beginning at the cylinder corner and

7



proceeding rearward along the cylinder side to 10 Inches

from the cylinder face, where the Interval changed to 2.5

Inches. This spacing continued until 15 inches from the

cylinder face, where the interval changed again to 5

Inches. The rearmost tap was 25 inches from the cylinder

face. Thus, there were 13 usable taps on the cylinder

side. There were also pressure taps located on the base of

the cylinder and inside the cylinder cavity. These were

used to measure base and cavity pressures, which were then

used to compute a correction to the measured CO that

removed the base and cavity drag. The cylinder contained

the drive mechanism for the extendable probes, and was

mounted in the tunnel on a sting through a six-component

Internal balance. The balance was used to make force

measurements.

There were essentially three different Interchangeable

probes used In the experiment. The first was an

Instrumented probe of diameter 1.84 Inches, or dl/d 2 =

0.368. This probe had pressure taps mounted on Its face

and side. The usable face taps were located on a single

radial line at radii of 0.0, 0.465, and 0.736 inches,

measured from the centerline. The usable side taps were

located at 0.46-inch Intervals from 0.92 Inch behind the

probe face to 5.52 inches behind the probe face, where the

interval Increased to 0.92 Inches. The last tap was

located 9.2 Inches behind the probe face. There were 15

usable taps on the probe side. This probe could be

8



extended up to 10 Inches (2 cylinder diameters) from the

cylinder face.

There was a second, non-Instrumented probe of diameter

1.24 Inches, or dl/d 2 = 0.248. This probe could be

extended up to 10 Inches (2 cylinder diameters) from the

cylinder face. There was an extension that could be added

to this probe so that it could extend up to 15 Inches (3

cylinder diameters) from the cylinder face. The third

probe was also non-instrumented. it was in fact a 1.24-

Inch diameter probe with a 2.25-Inch diameter disc attached

to the end, which yielded a diameter ratio dl/d 2 of 0.45.

This probe could also be extended up to 10 Inches (2

cylinder diameters) from the cylinder face.

2.3 Data Acqulsition

In addition to the force measurements made with the

Internal force balance and the pressure measurements made

using the pressure taps, velocity data was also obtained.

This was accomplished through the use of a two-component

laser doppler velocimeter (LDV) system. This system

measured mean velocity profiles, RMS velocity profiles, and

turbulent shearing stress profiles. As is almost always

the case with LDV data, the number of different cases

covered was limited, and detailed pictures of the velocity

field were obtained for only a few of the configurations

and Mach numbers. Because of the limited scope of this set

of data, it will not be Included In this thesis.

9



2.4 Flow Realmes

The smallest probe (dl/d 2 - 0.248) was tested over the

range of Mach numbers 0.8 < M < 1.2 for the range of length

ratios 0 < I/d 2 < 3. It was attempted to conduct these

tests at a stagnation pressure equal to atmospheric

pressure. However, due to difficulties with the tunnel,

the tests were conducted at 1634 psf, approximately 77% of

atmospheric pressure. The intermediate diameter probe

(dl/d 2 - 0.368) was tested over the range of Mach numbers

0.8 < M < 1.5 for the range of length ratios 0 < I/d 2 < 2.

These tests were conducted with stagnation pressure equal

to atmospheric. The probe-with-disc configuration (dl/d 2 -

0.45) was tested for the range of Mach numbers 0.8 < M <

1.2. over the range of length ratios 0 < l/d 2 < 2. Again,

because of difficulties with the tunnel, these tests were

conducted at a stagnation pressure equal to 1634 psf

(approximately 77% of atmospheric).

2.5 Other Details

As mentioned earlier, there were pr3ssure taps located

on the cylinder base and Inside the cylinder cavity. These

were used to compute the base drag of the cyl inder, which

was then used to correct the measured CD. The reason that

this correction was desired was that In these types of

experiments, the greatest Interest lies typical ly In the

drag of the forebody system, which consists of the cylinder

face and probe. This Is because It Is this part of the

10



geometry that causes CD to vary the most. Thus, it is

desired to determine the contribution to the total drag of

the forebody system alone. The skin friction drag on the

side of the cylinder Is not corrected for because It

contributes much less to the total drag than either the

forebody system or the cylinder base.

In the discussion of the model construction, only the

locations of the usable taps were noted. There were other

pressure taps mounted on the cylinder and probe. However,

these either duplicated the information given by the taps

klisted above or were determined to be unusable or bad at

some point In the experiment, and so only the taps that

yielded usable Information were noted.

11



11I. RESULTS

3.1 Variation of Drag Coefficient with Probe Length

Figures 4a through 4d show the variation of drag

coefficient with probe length-to-cylinder diameter ratio

(l/d 2 ) for each of the three different probe diameter

ratios, with Mach number as the parameter between curves.

Figures 4a and 4b contair the data for dl/d 2 = 0.248 for

the subsonic and supersonic Mach .'jmbers, respectively, at

which this probe was run. The subsonic and supersonic

curves have been separated for clarity. Figures 4c and 4d

contain the data for dj/d 2 = 0.368 and dl/d 2 = 0.45,

respectively. Only the data for the extending probe

lengths is shown In all cases except in Figure 4b, the

supersonic drag curves for dj/d 2 . This Is because in the

cases where there was no hysteresis, the data for

retracting probe lengths reasonably repeated the data for

extending probe lengths, and so the repeated data points

could be omitted for clarity.

As can be seen from these figures, all of the data

begin with the same trend: a decrease in CD as the probe

length ratio increases from zero. This has been explained

previously as being due to the reduced stagnation pressure

of the flow Impacting on the cylinder face. All of the

subsonic drag curves show the same decrease in C D until

some sort of minimum Is reached, and tren CD begins to

Increase gradually. This ;rlnlmum appears to be at a probe

length of roughly 1 cylinder diameter. Figure 4a shows the

12



trend for dl/d 2 = 0.248 for a probe length extending to 3

cylinder diameters. CD begins to Increase slightly more

rapidly In the range of probe lengths from 2 to 3 cylinder

diameters. If the explanation given in the Introauction is

accepted, then the minimum and gradual rise in CD indicates

that the flow over the probe is transitioning from the open

mode to the closed mode. The levelling off In the drag

curves would Indicate that the flow has completely

transitioned to the closed mode. It appears in Figures 4c

and 4d that CD Is beginning to Increase for I/d 2 > 1, which

would indicate that the flow in these two cases is

beginning to transition to the closed mode.

The supersonic drag curves for dj/d 2 = 0.368 and dl/d 2

= 0.45 (Figures 4c and 4d) do not have a distinct minimum,

but instead keep on decreasing for the entire range of

length ratios Investigated here. It should be noted that

the drag curve for dl/d 2 - 0.45, M = 1.2, appears to level

off. However, it is possible that this Is due to having a

disc on the end of a probe instead of having just a blunt

probe. Since no increase in drag is noted In the

supersonic curves for these two probes, it would appear

that the flow over these probes has not yet transitioned

from open to closed mode for the length ratios shown.

Figure 4b, on the other hand, contains abrupt drag rises

and clear hysteresis loops for the larger values of I/d 2 .

In the hysteresis loops, the lower branch corresponds to

Increasing values of I/d 2 , and the higher branch
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corresponds to decreasing values of I/d 2 . This would

Indicate that the flow undergoes an abrupt transition from

open to closed mode as the probe Is extended, and that the

length ratio at which the mode transition occurs Is

dependent upon whether the probe is being extended or

retracted, as discussed In the Introduction.

Another important feature to note on these figures is

the point or points at which the curves for the subsonic

flows cross, and the point or points at which the curves

for the supersonic flows cross. For dj/d 2 = 0.368 (Figure

4c), the point on the subsonic curves Is at a probe length

of approximately 1.6 cylinder diameters, and on the

supersonic curves, at a probe length of approximately 0.8

cylinder diameter. For dl/d 2 - 0.45 (Figure 4d), the point

on the subsonic curves Is at a probe length of

approximately 1.6 cylinder diameters, and on the supersonic

curves, at a probe length of approximately 1 cylinder

diameter. For the subsonic curves for dl/d 2 = 0.248

(Figure 4a), there are two crossings: one at a probe length

of approximately 1.6 cylinder diameters, and another at

approximately 2.4 cyl inder diameters. For the supersonic

curves for dl/d 2 = 0.248 (Figure 4b), there Is one distinct

crossing at a probe length of approximately 0.9 cylinder

diameter. These crossings are Important because they

define limits for ranges of probe length ratios within

which some peculiar variations of CD with Mach number
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occur. These variations will be discussed In a later

section.

3.2 Variation of Drag Coefficient with Diameter Ratio

Figures 5a through 5f show examples of the variation

of CD with diameter ratio (dj/d 2 ). Each figure contains

the drag curves for all of the Mach numbers and for a

particular probe length ratio. These curves were obtained

In the following manner. For a particular length ratio and

Mach number, the values of drag coefficient were obtained

for the three different configurations, i . e., for the

diameter ratios of 0.248, 0.368, and 0.45. Two other

values were obtained in order to extend the domain of the

curves. In the limits of dl/d 2 = 0 and dj/d 2 = 1, the

cylinder/probe configuration reduces to a blunt cylinder.

For the zero diameter ratio case, the configuration is

exactly the same as the model cylinder with zero probe

extension, and so the measured CD for the model cylinder

with zero probe length at the particular Mach number was

used. For dl/d 2 - 1, the configuration is also a blunt

cylinder, but longer, by the probe length, than the model

cylinder. Therefore, for this case, a slight increment was

added to the measured CD for the cylinder with zero probe

length at the particular Mach number, to take into account

the increase In drag due to skin friction. This Increment

was calculated by using an expression from White 1 4 to give

the skin friction coefficient for the cylinder In

Incompressible flow, and then correcting this value
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according to the data in Chapman and Kester 1 5 , which

documents the change In skin friction coefficient of a

cylinder with Mach number. The Increment In CD was

calculated assuming that this corrected Cf acted over a

cylinder segment equal to the probe length. Thus, five

actual data points were available for each length ratio and

Mach number. The curves shown In Figures 5a through 5f

were obtained from a cubic spline curvefit through these

five data points.

Figure 5a contains the drag curves for li/d2 - 0.1.

This figure Indicates that at this small length ratio the

variation of diameter ratio has little effect on the drag.

This is probably because for this small probe length, the

probe Is having very little effect on the flow impacting on

the cylinder face. Figure 5b contains the drag curves for

I/d 2  - 0.3. In this figure, the effect of increasing

diameter ratio can clearly be seen. As the diameter ratio

Increases, CD Initially decreases to a minimum for all of

the Mach numbers. This Is probably due to the Increased

size of the separated region, or wake, with reduced

stagnation pressure, that acts on the face. The reason for

the slightly more negative slope for 0.368 < dj/d 2 < 0.45

Is unclear. It Is possible that this change In slope Is

due to use of a disc on a small probe, rather than a solid

probe, to obtain a diameter ratio of 0.45, as mentioned

previously. With the disc, there would be a greater chance

of "trapping" a vortex between the disc and the cylinder
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face, at the smaller length ratios, than with the probe

alone. The vortex would lower the cylinder face pressures,

thus decreasing CD. This type of flow has produced

remarkable drag reductions In the incompressible regime1 .

Eventually, the CD curves reach a minimum, and then begin

to Increase with Increasing diameter ratio. This is due to

the fact that as the diameter ratio Increases, there Is a

larger blunt face on the probe exposed to the oncoming

flow, and hence a larger region over which near-stagnation

pressures can act, leading to a higher CD. The same trends

continue for the other length ratios, with the portion of

the curve with a more negative slope tending to disappear

as the length ratio Is Increased. This would support the

supposition that this "kink" In the drag curves Is a disc

effect, since the differences between a blunt probe and a

probe with a disc would disappear as the probe got longer.

This would be especially true once the flow transitioned

to the closed mode, since the only effect of the disc would

be to create a slightly larger separated region than would

otherwise normally exist.

As with the CD-versus-I/d 2 curves discussed earlier,

there are some ranges of diameter ratios in which CD

exhibits some peculiar variations with Mach number. Again,

these ranges have limits at the points where the drag

curves for various Mach numbers cross. Since there are no

actual data points for 0.45 < dl/d 2  < 1.0, in this region,

only crossings that are Indicated by the values at dj/d 2 -

17



0.45 and dl/d 2 - 1 will be noted, and values of the

diameter ratio for the crossing points In this region will

not be given. Crossings for dl/d 2 < 0.45 will be referred

to as actual crossings, while crossings for 0.45 < dl/d 2 <

1.0 as described above will be referred to as Indicated

crossings.

For the two smallest length ratios, no actual nor

indicated crossings exist. For li/d2  = 1.0 (Figure 5d),

there are actual crossings In both the subsonic and

supersonic drag curves at dl/d 2 approximately equal to 0.2,

and another actual crossing In the supersonic drag curves

at dl/d 2 approximately equal to 0.45. For I/d 2  1.5,

there are two actual crossings each In both the subsonic

and supersonic drag curves. The crossings In the subsonic

drag curves occur at dl/d 2 approximately equal to 0.3 and

0.45, and the crossings in the supersonic drag curves occur

at dl/d 2 approximately equal to 0.1 and 0.45. For a length

ratio of 2, there are an actual and an indicated crossing

in the subsonic drag curves, and two actual crossings In

the supersonic drag curves. The actual crossing In the

subsonic curves occurs at dl/d 2 approximately equal to

0.15, and the two actual crossings In the supersonic drag

curves occur at dl/d 2 approximately equal to 0.06 and 0.42.

The Importance of these crossings will be discussed later.

3.3 Drag Coefficient Contours

Figures 6a through 6f are contour plots for various

vaiues of CD, each plot containing the data for a different
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Mach number. These figures show the combinations of length

ratio and diameter ratio that have the same value of CD for

a given Mach number. These figures were created by

constructing curves such as those shown In Figure 5 for all

of the length ratios studied. The cubic spline equations

were used to obtain values of CD on a uniform grid of

diameter and length ratios. This grid was then used by a

plotting program to generate the contour plots.

Two Important points may be noted from these figures.

It appears that the minimum CD occurs over a small but

usuable range of length and diameter ratios. CD also

appears to be relatively Insensitive to the length ratio

beyond a certain value of li/d2 .

Because of the use of many interpolated points in

these figures, they should be used only to gain a

qualitative understanding of the flow features, and not to

obtain precise quantitative characteristics of the flow.

3.4 Variation of Drao Coefficient with Mach Number

Figures 7a through 7d are examples of the variation of

CD with Mach number. Each figure contains the curves for a

particular diameter ratio and for several length ratios for

which that diameter ratio was tested.

The results that might have been expected will be

discussed first. The most common trend, and the one that

was most expected, was the Increase in CD in the range 0.95

< M < 1.1 for all of the geometries tested. This can be

attributed to the phenomenon of transonic drag rise, which
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is usually caused by a rise in stagnation pressure as M

Increases and shock wave-boundary layer Interactions. For

the small length ratios (1/d 2  nominally less than 1), the

drag coefficient increases with Mach number for the entire

range of Mach numbers and diameter ratios tested. This

Indicates that for these small length ratios, the

cylinder/probe configuration behaves essentially as a blunt

cylinder, whose drag coefficient continues to rise with

Increasing Mach number because of the rise in stagnation

pressure of the flow, due to compressibi I ity.

For the two smaller diameter ratios, CD decreases with

Increasing Mach number in the range M > 1.1 for most of the

length ratios tested, while for the largest diameter ratio,

CD Increases for M > 1.1. The decrease in CD with increase

In M In the supersonic regime for streamlined bodies Is

well documented 1 6 , 1 7 . This would indicate that In the

supersonic regime, the separated flow over the

cylinder/probe configurations with the smaller diameter

ratios Is essentially giving a streamlined shape to the

body, which then leads to the decrease in CD with Increase

in M. In the case of the largest diameter ratio, it would

appear that the large probe face Is the dominating feature.

The large probe face causes the cylinder/probe combination

to behave essentially as a blunt cylinder in the supersonic

regime, with CD rising as the stagnation pressure rises

with Mach number.
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Note that in the supersonic regime, for small length

ratios (nominally less than 0.8) and all diameter ratios,

CD Increases with Increasing M, whereas for the larger

length ratios (nominally greater than 1) and the two

smaller diameter ratios, CD decreases with Increasing M.

It would appear that there Is some sort of transition from

a "blunt cylinder" mode to a "streamlined" mode at some

particular length ratio for the two smaller diameter

ratios. This transition occurs at the first crossing of

the supersonic drag curves in Figures 4b and 4c. This

transition Is even more graphically depicted In the

supersonic drag curves of Figures 5d through 5f, In which

the crossings Indicate a transition from the blunt mode to

the streamlined mode and back to the blunt mode as the

diameter ratio Increases from 0 to 1 for the larger length

ratios.

One other expected trend was the increase in CD with

Increasing M In the range 0.8 < M < 1.1 for dj/d 2 = 0.248

and 2.5 < I/d 2 < 3.0. Since In this range of length ratios

and Mach numbers the flow Is essentially In the closed mode

and no further significant changes In the flowfleld are

expected, the rise In CD can be attributed once again to

the Increase In stagnation pressure with Mach number.

There were also two unexpected trends In the data.

The most significant of these was the decrease In CD with

Increasing Mach number In the range 0.8 < M < 0.95 for all

of the diameter ratios tested and for a certain range of
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length ratios for each diameter ratio. While this type of

drag reduction has been recorded before 1 5 , It apparently

has not received much attention. This phenomenon may be

understood by a consideration of the transisiton of

cavities from open to closed mode and the probe length

ratio at which this transition occurs, known as the

critical length ratio (I/d2)cr.

As explained In the Introduction, as the probe gets

longer, the flow past the probe transitions from the open

cavity mode to the closed cavity mode. In the subsonic

regime, this transition Is gradual, and leads to a gradual

Increase In CD. Because of the gradual transition, It Is

difficult to precisely determine a critical probe length

ratio. However, It Is possible to define a critical length

ratio as that length ratio at which the drag coefficient Is

the average of the drag levels In the open and closed

modes. Using this definition for the supersonic regime

also, Figure 8 was constructed to show the variation of

(l/d2)cr with Mach number for dj/d 2 = 0.248. This figure

Is limited to this diameter ratio because length ratios at

which the flow had fully transitloned to the closed mode

were obtained only with this diameter ratio. The figure

was constructed by plotting each of the curves In Figures

4a and 4b separately, choosing two distinct drag levels,

finding the midpoint between these two levels, and then

recording the length ratio at which the average CD occured.

The definition of critical length and Its implementation in
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this procedure are somewhat subjective but yields at least

qualitative information about the variation of critical

probe length ratio with Mach number. As can be seen in

Figure 8, (l/d2)cr Increases with Increasing subsonic Mach

number, and decreases with Increasing supersonic Mach

number for both the probe extending and retracting cases.

It Is this variation of (1/d2)cr that explains the drop In

CD with increasing M for the subsonic case. For a fixed

length ratio In the range of length ratios for which the

drop In CD occurs, It appears that the flow Is In the

higher drag closed mode for M - 0.8; I. e., (i/d2)/(I/d2)cr

> 1 at this Mach number. As M Increases (below M = 1),

(1/d2)cr increases, so that (I/d 2 )/(I/d2)cr decreases until

it becomes less than 1, and the flow transitions from the

closed mode to the lower drag open mode. In other words,

Increasing the Mach number for a fixed length ratio In the

proper range opens the cavity, thus reducing the drag. The

range of length ratios for which this phenomenon occurs is

Indicated by the crossings In the subsonic drag curves in

Figures 4a, 4c, and 4d, so that the significance of these

crossings Is demonstrated. The range of diameter ratios

for which this phenomenon occurs Is Indicated by the

crossings In the subsonic curves of Figures 5a through 5f,

which seem to Indicate that the range of diameter ratios

chosen for this experiment just happened to coincide with

the range of diameter ratios for which this phenomenon

would occur.
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The variation in critical probe length with Mach

number also explains the other unexpected trend, which is

an Increase In CD with Increasing M in the range 1.1 < M <

1.2 for some of the length ratios. For a fixed probe

length ratio In the range of length ratios for which this

phenomenon occurs, It appears that the flow is in the lower

drag open mode for M - 1.1; I. e., (I/d2)/(I/d2)cr < 1 at

this Mach number. As the Mach number increases, (I/d2)cr

decreases, so that (l/d2)/(i/d2)cr increases until it

becomes greater than 1, and so It appears that the flow

transitions from the lower drag open mode to the higher

drag closed mode. In other words, increasing the Mach

number closes the cavity, and hence raises CD. Due to the

hysteresis of the supersonic drag curves In Figure 4b, It

Is a bit more difficult to determine the ranges of length

ratios for which this phenomenon occurs. Examining Figure

4b, it would seem that the range is defined by the length

ratios where the low drag branch of the M = 1.1 curve Is

below the high drag branch of the M = 1.2 curve, i. e.,

from nominally 1.8 to 2.2 cylinder diameters. Once the

length ratio Is reached at which both the M = 1.1 flow and

the M - 1.2 flow have transitioned fully to the closed

modes, the trend of decreasing CD with increasing

supersonic M returns.

Figure 7c indicates a rise In CD as the Mach number

Increases from 1.2 to 1.5 for dl/d 2 - 0.368, an unexpected

trend In light of the observations concerning supersonic
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drag characteristics presented earlier. Because of the

lack of data for the other configurations at M = 1.5 (most

notably for the longer probe ratios), It is difficult to

draw conclusions about this trend. One possible

explanation Is that this increase Is due to the increase in

stagnation pressure with Mach number, so that for the

higher Mach number, the cylinder/probe configuration at

this diameter ratio Is beginning to behave as a blunt

cylinder.

3.5 Computed Drag Coefficients

Cylinder face pressure distributions were available

for all of the configurations and Mach numbers. Probe face

pressures were available for dl/d 2 - 0.368. Using these

pressures and some estimate of the skin friction on the

cylinder, it should be possible to compute the drag

coefficient of the cylinder/probe configuration, and this

CD should equal the measured CD (within the range of

experimental error). Figures 9a and 9b are examples of the

results of such calculations.

Two pressures important to the calculations, the probe

face corner pressure and the cylinder face corner pressure,

were not available, so estimates had to be made for these

two pressures. It was assumed that the outermost cylinder

face pressure (measured at 0.075 inches from the cylinder

corner) was the corner pressure. The probe face corner

pressure estimate was a little more complicated. For zero

probe length, the pressure was assumed to be an average of
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the outermost probe face pressure and the innermost

cylinder face pressure. For large probe lengths (l/d 2 >

1), the pressure was assumed to be the critical pressure,

I. e., the value the pressure would have If the flow over

the probe face corner was sonic. For 0 < I/d 2 < 1, an

average between these two estimated pressures, weighted by

the probe length, was used. Another pressure, the cylinder

face pressure immediately adjacent to the probe side, was

also unavailable. This value was assumed to be equal to

the Innermost cylinder face pressure, a not unreasonable

assumption considering the typically constant pressures in

this region. The drag coefficient due to the skin friction

was calulated using the method described in Section 3.2,

assuming this Cf acted over 80% of the cylinder. The other

20% was assumed to be effectively canceled by the reversed

flow and hence reversed-direction skin friction

coefficients acting In the recirculating region immediately

behind the cylinder face.

Figures 9a and 9b were constructed by calculating

separately the contributions to the drag coefficient of the

probe face, cylinder face, and cylinder side (the

contribution of the probe side was assumed to be zero).

The cylinder side (skin friction) curve, labelled "CDcs",

was plotted first. The cylinder side and cylinder face

drag coefficients were added together and plotted as the

curve labelled "CDcf" The cylinder side, cylinder face,

and probe face drag coefficients were added together and
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plotted as the curve labelled "CDpf" This curve

represents the sum of all of the computed drag

coefficients.

In Figures 9a and 9b, the curve labelled "CDm" is the

measured CD curve. The "CDpf" and "CDm" curves should

match one another, within the range of experimental error.

These curves do match reasonably well for small length

ratios. However, as can be seen in the figures, for length

ratios nominally greater than 0.5, there is a constant

error In the calculated curves (assuming that the measured

curves contain the correct values). This error is greatest

for the lowest Mach numbers, and decreases as the Mach

number Increases, until M = 1.5, when the error begins to

Increase once again. The calculated CD tends to

overestimate the measured CD in the subsonic regime, and

underestimate the measured CD In the supersonic regime

(except for M - 1.5, where it overestimates the measured

values). The reason for this error is as yet to be

discovered; therefore, only these two figures have been

presented as representative of the curves obtained for all

of the diameter ratios and Mach numbers.
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IV. CONCLUSIONS

The purpose of this study has been to examine the drag

data of a blunt cylinder / cylindrical probe configuration

to determine various characteristics of the flow past the

configuration. The configuration Is Important because of

the reduction of drag of the cylinder/probe combination

over the blunt cylinder alone. This particular set of data

Is significant because It represents the first In-depth

study of the cylinder/probe combination in the transonic

regime.

Most of the results were as expected. CD decreased as

I/d2 increased, due to the decreased stagnation pressure of

the probe wake. In the subsonic tests, CD reached a

minimum and then gradually increased, as the flow over the

probe transitioned from the open to the closed mode. In

the supersonic tests, the increase in CD was rather abrupt,

due to a sudden mode transition, as observed in other

experiments. A hysteresis condition in CD, and hence In

the flow mode, was observed In the supersonic tests, In

agreement with earlier results. As dl/d 2 increased from 0

to 1, CD first decreased due to the increasing size of the

wake. CD reached a minimum and then Increased, due to the

Increasing Influence of the flow stagnating on the probe

face.

Most of the variations in CD with Mach number were

also expected. In all cases, CD increased as M Increased

from 0.95 to 1.1, due to the phenomenon of transonic drag
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rise. For the smaller length ratios, CD increased as M

Increased, which Is essentially how a blunt body behaves.

For the two smaller diameter ratios, CD decreased as M

Increased above M - 1.1, resembling the well-documented

behavior of streamlined bodies. The probe length at which

the transition from blunt-body to streaml ined-body behavior

In the supersonic regime occurred was noted, roughly at

i/d2 - 0.9. In most cases where CD rose with increasing M

where there were no significant changes in the flowfleld,

the rise In CO was attributed to an Increase In stagnation

pressure with Increasing M.

Two unexpected results were also observed: a decrease

In CD for certain ranges of probe length and diameter

ratios as M Increased from 0.8 to 0.95, and an increase In

CD for certain ranges of probe length and diameter ratios

as M Increased from 1.1 to 1.2. These results were

attributed to the variation of critical probe length ratio

(the probe length ratio at which the flow transitioned from

one mode to the other) with Mach number. As M Increases in

the subsonic range, (I/d2)cr Increases, effectively

shortening the probe and causing the flow to transition to

the lower-drag open mode. In the supersonic regime, since

(I/d2)cr decreases with increasing M, this behavior Is

reversed. The ranges of length and diameter ratios for

which this behavior were noted, roughly 1.5 - I/d2 < 2.5

for the subsonic cases, 1.8 li/d2 < 2.2 for the supersonic
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cases, and 0.2 < d 1 /d 2 < 0.5 for both the subsonic and

supersonic cases.

An attempt was made to compute CD for the

cylinder/probe configuration from the probe face and

cylinder face pressures and an estimate of the cylinder

skin friction drag. These values only matched the measured

CD'S within experimental error in some cases. The cause of

the discrepancy has not been determined.

This experiment provided a significant piece to the

cylinder/probe drag puzzle. The behavior of this

configuration in the transonic regime has now been

documented to a certain degree. However, as with almost

all experiments, the knowledge gained Is not complete. The

most important pieces still missing are data for a wider

range of probe length and diameter ratios. More extensive

LDV measurements of the flowfleld, as well as flow

visualizations in the transonic regime, would be extremely

useful in correlating the behavior of the flowfield and the

drag experienced by the cylinder/probe configuration. Much

remains to be learned about this extremely complex, but

also rather Intriguing, problem in fluid dynamics.
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